Abstract. We construct a scattering formalism of electrons passing through a quantum point contact that explains the unusual temperature dependence of the 0.7 anomaly. The existence of pronounced fluctuations ("paramagnons") induced by the exchange interaction in the region of constriction where the density is low and shortrange interaction is enhanced. The spin related backscattering of the electrons caused by the paramagnons is the source of an additional quasi-plateau. The position of the anomaly and its shape are explained by the energy dependence of the transmission coefficient through the static barrier. Finally, we study the conductance by employing a quantum linear response theory up to the second order in the interaction. The result is consistent with that obtained with the paramagnon model. 
Introduction
It is known that the phenomenon called the 0.7 anomaly manifests itself as a quasiplateau in the gate voltage dependence of the conductance of a micro-constriction (quantum point contact, QPC) near 0.7 G 0 , where G 0 = 2e 2 /h. [1, 2, 3, 4, 5] It is very important that this quasi-plateau becomes more pronounced with increasing temperature. The deviation of the conductance from an ideal integer value exhibits an activated behavior, exp(−T a /T ) with a density-dependent temperature T a which becomes zero at some critical electron density. [2] Then the anomaly tends to become 0.5 G 0 in a strong Zeeman magnetic field, [1] which demonstrates the relationship between this phenomenon and electron spin. In fact, the experimentally observed enhancement of the g-factor as the number of propagating modes passing through the constriction decreases [1] (i.e. the electron density in the constriction) indicates the importance of the exchange interaction.
Several theories had appeared that assumed the static splitting of the spin subbands within the constriction owing to exchange interaction. [6, 7] Since there are pronounced charge and spin fluctuations, static splitting at zero magnetic field is impossible for such a small open system (and this statement is unconnected with the Lieb-Mattis theorem since we are not dealing with a one-dimensional infinite system). Therefore, the average electron spin density is zero S ν (x, t) = 0, but the spin-density correlator S ν (x, t)S µ (x ′ , t ′ ) is not zero which is induced by an exchange interaction in the region of the constriction where the density is low. The low temperature non-linear transport through a QPC sometimes manifested as a zero-bias peak [8] , and "Kondo" model was proposed as the origin of the conductance anomaly. [9] The local magnetic moment of spin 1/2 in a depression formed by the mean-field potential had been predicted. [10, 11] However, this phenomenon seems less universal than the 0.7 quasiplateau itself. Recently, signatures of microscopic bound states had been studied by a probe made of another QPC located close to the system, [12] and the bound states were only observed for the range of gate voltage where the conductance of QPC is strongly quenched.
The additional quasi-plateau and its temperature dependence, found for weaker gate confinement where the QPC is partially transmitting, are in agreement with a mechanism based on extended spin fluctuation (paramagnons) that backscatters the electrons. [13] The mechanism based on charge fluctuation (plasmons) had been argued, [14] however the effect of charge fluctuation is less dominant over the spin fluctuation in the low electron density QPC region squeezed by the gate voltage. Reference [13] only considered a case where the temperature was higher than the characteristic paramagnon frequency. Because of the exchange interaction, spin fluctuations induce different potential barriers for different spin orientations of the electrons passing through the constriction. Thus the effect of the fluctuations on the conductance depends on the ratio between the fluctuation period and electron transit time τ tr = L/v F . Here L is the effective channel length and v F is the Fermi velocity in the leads. For the realistic barrier considered below the quantityh/τ tr ∼ ∆ = h 2 /mλ 2 loc , where ∆ is the quantum energy that determines the energy dependence of the transmission coefficient through the parabolic barrier, and λ loc = √ Lλ F is the local Fermi wavelength (inside the constriction). Slow fluctuations, with frequencies lower than the inverse transit time, produce effective splitting of the barrier (whose value is proportional to the temperature). Namely these slow fluctuations are very important for conductance corrections.
Electron coupling to the spin mode and additional backscattering only exists when the coefficient of the reflection from the static barrier has a finite value or when the temperature is finite. [15, 16, 17, 18] Very interesting mechanism had been proposed by Matveev[19] where the electrons in the constriction without single particle backscattering arrange in a finite-length Wigner crystal and the electron spins form an antiferromagnetic Heisenberg chain. An electric current in the wire perturbs the spin chain and gives rise to significant backscattering when the temperature is higher than the antiferromagnetic coupling J and the conductance is reduced to 0.5G 0 . We present here a quantum linear response theory (with perturbative treatment of the interaction), which allows us to consider a zero temperature limit. [20] Similar studies of the quantum transport had appeared with treating the Coulomb interaction perturbatively to the first order [21] and to the second order with [22] and without [23] single particle backscattering. The first order correction [21] cannot explain the anomaly at zero magnetic field. All the second order studies [20, 22, 23] predict low-temperature suppression of the conductance with square of the temperature δG ∝ −(T /T F ) 2 where T F is the Fermi energy. The realistic parabolic saddle point potential provides characteristic enhancement of the electron probability density at the top of the potential (semiclassical slowing), [22] which was proposed as the reason of the behavior of the conductance anomaly. Here we stress the importance of the positive quantum correction disregarded in [22] , which survives at zero temperature and only when single particle backscattering exists, to explain why the anomaly found near 0.7G 0 not at 0.5G 0 .
In the next section, we establish an effective Hamiltonian that captures the low energy physics of this system. Section 3 identifies dynamical spin fluctuations that can scatter the electrons. Sec.4 and Sec.5 argue the strong and slow spin collective fluctuation (paramagnon) and the semi-classical scattering problem caused by this fluctuation, respectively. In Sec.6, a linear response theory of the conductance is discussed that is valid for a weak interaction regime and for low temperatures. Sec.7 presents our conclusions. Two Appendices provide details of the exact spectra of localized paramagnons and the model for the numerical calculations.
Effective one-dimensional model
First we discuss a system of electrons confined in a two-dimensional (2D) x − y plane and injected into a QPC formed by a smooth saddle-point potential U(x, y) where U(x, y) → 0 for |x| → ∞ and U(x, y) → ∞ for |y| → ∞. Schrödinger's equation with a non-interacting Hamiltonian part is given as
where m is the electron effective mass. It is well-known that the quantized conductance through microscopic constrictions is the manifestation of adiabatic transmission, [24, 25] where the inter-subband mixing is negligible and the Hamiltonian, Eq.(1), reduces to a collection of one-dimensional Hamiltonians of the subband n:
where U n (x) is the effective one-dimensional static potential of the subband n and is zero for |x| ≫ L. The wave function is a product, Ψ n,q (x, y) = φ n,q (x)ξ x,n (y), where the wave function in the y-direction is derived from Schrödinger's equation with employing fixed x as a parameter,
that provides discrete states of x-dependent eigen-energy e n (x) n = 1, 2, . . . which can be identified to U n (x). ‡ The schematics of the effective one-dimensional potential is shown in Fig. 1 . Here, the quantum number is q = {E, α} with α = l, r representing the reservoir that the electrons were fed into. In the following, we assume there is only one transport mode n = 1 and all other modes are completely reflected back into the reservoirs by the QPC. The transmission probability of the mode n = 1 is T (E) ≡ |t(E)| 2 and this is obtained from Eq.(2). In the reservoir, the scattering states carry a flux v E =h
, where S βα is the S-matrix element of the potential U 1 (x) with S ll = r l (E), S rr = r r (E), S lr = S rl = t(E), satisfying the relations
is the outgoing (incoming) flux normalized wave function of energy E and s α = 1(−1) for α = l(r).
Explicit evaluation was conducted for a parabolic saddle-point potential,
where the frequencies ω x and ω y characterize the curvatures of the potential and V g is the electrostatic potential controlled by gate voltage. [25] § In this model, the motions in the x and y directions are separated exactly and ξ n (y) is x independent wave function in a parabolic confinement ω y .The transmission probability is
‡ Strictly speaking, U n (x) is the sum of e n (x) and −h 2 2m dy(dξ x,n (y)/dx) 2 . The latter term had been neglected in [24] in the hard wall model Eq.(6) which is smaller than e n (x) by a factor of d 0 /R. § This potential does not satisfy the condition U (x, y) → 0 for |x| → ∞ and U n (x) is not zero for |x| ≫ L. However, the wave function φ l,q (x) is well-defined. where
Well-pronounced conductance step as a function of E occurs if ω y ≥ ω x . The length of the constriction L is characterized by l x ≡ h/mω x . A hard wall model had also been considered in [24] where the width of the QPC varies as (|x| < R)
and the wave-function of the lowest subband is
The transmission probability is expressed by Eq. (5) with
, and the length of the constriction L is characterized by √ Rd 0 . For a linear transport regime at zero temperature, the conductance is g = G 0 T (E F ), where µ = E F is the Fermi energy of the system. These results are modified when the Coulomb interaction sets in. The 2D Coulomb interaction potential is described as
where ǫ is the dielectric constant and λ characterizes the finite thickness of the system or possible screening effects by gate electrodes. The Coulomb potential is projected to the lowest mode n = 1, It can be seen that V 1 (x, x ′ ) has a short range and is localized at the QPC. We approximate the Coulomb potential as V 1 (x, x ′ ) = u(x)δ(x − x ′ ) where u(x) peaks at the center of the QPC and zero for |x| ≫ L because of effective screening in the wide 2D reservoirs. [16, 17, 18] Then the interaction only occurs between electrons with unlike spins in accordance with Pauli's exclusion principle. For example, the Coulomb potential
M(x, x ′ , λ, d 0 , R) for the hard wall model Eq.(6) is plotted in Fig.2 , where all the lengths are normalized by R. In this case, u(x = 0) ∼ dsV 1 (
2 /(ma B ) for d 0 /R = 0.2 and 0.1R < λ < R, where the effective Bohr radius is a B ≡ 4πǫh 2 /(me 2 ). The Coulomb potential for the parabolic saddle-point potential Eq. (4) 
2 /(ma B ) for λ ∼ 2l y and l x = 5l y . The estimation in Ref. [21] where
should be compared with our d 0 u(0) where d 0 = 2l y ∼ 20 nm is the QPC channel width. For GaAs system where a B ∼ 10 nm, the ratio is d 0 u(0)/γ ∼ 2. We speculate the origin of our larger short range potential is our choice of poor screening λ ∼20 nm in contrast to the value of λ ∼ 5 nm in Ref. [21] . In Appendix B, we introduce a generic model of U 1 (x) and u(x) which are used in the following arguments. Now the system Hamiltonian is expressed by using the field operators ψ σ (x) = q φ 1,q (x)a 1,q,σ , where a 1,q,σ is the annihilation operator of the electron in the lowest one-dimensional mode with a quantum number q and a spin σ.
where
dx 2 is the kinetic energy and σ(σ) =↑ (↓) or ↓ (↑), respectively. In the following, we discuss the transport properties of electrons under this Hamiltonian using two approaches. The first is a phenomenological approach that deals with electrons scattered by localized spin fluctuations (paramagnons). The second approach employs perturbation theory in u(x) within the linear response theory. Here we define the Green's function
for the scattering problem in the following sections which has an explicit form:
and is symmetric in the coordinates:
. Using asymptotic form of the wave functions, the Green's function is in the asymptotic regions
lim
Spin fluctuation
We rewrite the interaction Hamiltonian as
where U Hσ (x) and U Xσ (x) are defined by
which are direct (Hartree) and exchange (Fock) type potentials, respectively. In a paramagnetic system, mean field approximation requires
where we define the density operator of spin σ at x, N σ (x) = ψ † σ (x)ψ σ (x) and total density N(x) = σ N σ (x). The Hartree term U Hσ (x) is absorbed in U 1 (x). Importantly, we assume that there are no resonant trap(s) caused by this Hartree potential.
In general, the dynamical fluctuation of these potentials around the mean value possibly induces electron scattering. The fluctuation of the Hartree potential is
where we used the identity N σ (x) ≡ (N(x) + σS z (x)) and the time development of an operator is understood as Heisenberg representation: N(x, t) ≡ e iHt/h N(x)e −iHt/h for example. The charge correlation function is
where the spin density operators are defined as
† . We assumed there was no spontaneous spin polarization S ν (x) = 0. Similarly, the fluctuation of the Fock potential is
and
For the paramagnetic phase,
. Therefore, we found that the total fluctuation is
In the following, we only consider a case where the system is (almost) in thermal equilibrium (linear response regime). The Fourier transformed charge fluctuation is obtained from the fluctuation-dissipation theorem:
where β = 1/(k B T ) is the inverse temperature, and we introduced the charge response function
where θ(t) is the step function. This function is obtained in a random phase approximation by using Dyson's equation as follows
and the free susceptibility function is
where f q = (e β(Eq−µ) + 1) −1 is the Fermi distribution function and the factor 2 comes from the spin degeneracy. η is an infinitesimal positive number.
The spin fluctuation is obtained by
where the spin response function is
which is obtained in the random phase approximation with the following Dyson's equation which is slightly different from that of the charge response function
Localized paramagnon
Let us consider the situation T (E F ) ∼ 1 where E F ≫ U 1 (x) and φ q (x) ∝ e ±iq(E)x with q(E) = √ 2mE/h. Then the free part of the system is translational invariant and we can perform a spatial Fourier transformation. For q ≪ k F and ω ≪ E F and for very low temperatures, we use the linearized free spin susceptibility function at zero temperature
where ρ = (πhv F ) −1 is the one-dimensional density of states at the Fermi energy and v F =hk F /m. The expression in real space is
whose imaginary part is (ρq 0 /2) cos(q 0 (x − x ′ )) where q 0 ≡ ω/v F . For a system of uniform interaction where u(x) = I and for zero frequency where χ R 0 (q, ω = 0) ∼ −2ρ and χ R 0s (q, ω = 0) ∼ ρ, the charge susceptibility function derived by using Dyson's equation Eq.(33) is
which is only slightly modified by the interaction. In contrast, the spin susceptibility function given by Eq.(37) is
which formally diverges when ρI → 1 (Stoner instability). This instability is not likely to occur in the one-dimensional system as shown by Lieb and Mattis. [26] In our model, the interaction u(x) is only localized near QPC. We analyzed the low energy spectrum of spin fluctuation for a special situation where the short-range interaction is finite and uniform for |x| < L/2:
, we have the expression of the imaginary part of the spin susceptibility function
A brief summary of the derivation is provided in Appendix A. It is clear that this function is superior to that of the non-interacting system in Eq.(39) when I 0 approaches 1. We will not, however, adopt an I 0 too close to 1, since for the reasons outlined above, the Stoner instability point cannot exist in the system we are considering. Nevertheless, the spin mode softens as the electron density decreases and this is the origin of the low frequency fluctuation of the effective barrier. To see this more clearly, we describe the paramagnon spectral density defined by , ω) . From the denominator, ρ s (x, ω) is sharply peaked when Lq = nπ, namely there exists the characteristic energy of the paramagnon modē
This quantity may be identified with the gap T a mentioned above. In our analysis, we used sharp cut-off of the interaction potential u(x), which induces "ringing" in the paramagnon spectra. We expect reduced and broadened spectral density peaks for realistic situations where the spacial change of the interaction is smooth with respect to the Fermi wave length.
Time dependent scattering theory
In the previous section, we showed for T (E F ) ∼ 1 that a localized paramagnon develops at the constriction with the interaction ρI. Although we could not obtain an analytical expression for the system with moderate backscattering from the static potential U 1 (x) (i.e 0.5 < T < 1), the qualitative properties of the paramagnon fluctuations do not change greatly. In this section, we develop a time-dependent scattering theory from the paramagnon fluctuation following the method developed in Ref. [27] and realize a way of correcting the conductance. The fluctuation-dissipation theorem Eq.(31,35) provides two contributions. Noting that ℑχ(ω) ∝ ω, we rewrite the fluctuation
We have disregarded the minor contribution of the charge fluctuation C c (x, x ′ , t). The first term corresponds to the classical (thermal) fluctuation, which is symmetric in terms of the frequency and disappears at zero temperature. The second term is the contribution of quantum fluctuation independent of temperature and has only positive frequency component attributed to spontaneous paramagnon emissions. Here we concentrate to the analysis of the electrons scattered by thermally activated paramagnon fluctuations and postpone discussing the effect of the quantum fluctuation which may renormalize the transmission probability. We present a more rigorous argument in the linear-response theory in the next section.
Let us start from the effective one-dimensional system described by the Hamiltonian
with a localized fluctuating potential near QPC, δU(x, t), with a property δU(x, t) = 0, where the overline indicates the classical statistical average over the fluctuating field δU(x, t). We assume that the fluctuation follows the stationary random correlator
, which is only a function of the time difference. We identify its Fourier transform W ω (x, x ′ ) with the classical fluctuation of the paramagnons, the first term of Eq.(44). It is obvious that the constructed random correlator is an even function of ω since the fluctuation field is classical (commutable). The spin degree of freedom needs not be expressed explicitly since up-spin interacts only with down-spin and vise versa. The time-dependent Schrödinger's equation reads
We define flux normalized scattering states of H 0 , χ
αE (x, t) = χ αE (x)e −iEt/h , α = l, r. The Green's function is defined as
and its Fourier transform is G R (x, x ′ , E), Eq. (13) . Using this Green's function, we obtain Dyson's equation for the scattering wave function of H(t) from the reservoir α:
which provides iterative solutions χ αE = χ
αE · · ·. We define a field operator,
and in the following, we use the notation E ≡ ∞ 0 dE 2πh for brevity. Using the field operator, we define a current density operator
The annihilation/creation operators a α (E)/a † α (E) of the reservoir α of energy E has the following form of statistical average [28] 
where the Fermi distribution function of the reservoir α of chemical potential µ α is f α (E) = (e β(E−µα) + 1) −1 . Now, we can evaluate the statistical average current using this property,
The lowest order is
which is independent of time and the current is evaluated in the asymptotic region
where we used |S β =α (E)| 2 = T (E) = 1 − |S ββ (E)| 2 andβ is the opposite reservoir to β. This is a Landauer's formula.
We are interested in the statistically averaged current I(x, t). It is obvious that the first correction vanishes I (1) (x, t) = 0 since δU(x, t) = 0. The second correction of the averaged current is made up of two contributions
Using Eq.(48), we can show that
and the phase factor e iEt/h cancels that of χ * (0)
αE (x, t). Therefore, I (2a) (x, t) is independent of time. Similarly,
is independent of time. Therefore, regarding the current continuity relation, we can evaluate the average current in the asymptotic region x → ∞ β . Now we find
. Here we consider a symmetric QPC where we use U 1 (x) = U 1 (−x) and δU(x, t) = δU(−x, t) for simplicity. It can be shown that there is no pumped current as follows. Using the relation of the Green's function
after some manipulations, we have
and when the bias is zero µ l = µ r ,
I
(2)
Therefore, the average current for a finite bias is
and the linear conductance is for
Let us first evaluate T (2) when the single particle scattering is absent, T = 1. Then the conductance correction is
We consider the paramagnon fluctuation in the form as
2L 2 ) and a Ω is the temperature dependent fluctuation amplitude of frequency Ω. In the slow limit Ω → 0 of the fluctuation, we have
, which is exponentially small for smooth fluctuation, Lk F ≫ 1. We had numerically evaluated the linear conductance in the general situation T ≤ 1 using a model potential described in Appendix B with the fluctuation spectrum Eq.(44). As shown in [13] Fig.1 , as a function of Fermi energy for a fixed static potential height U 1 , the first conductance step clearly shows additional structure with increasing temperature, where the conductance is suppressed for T > 0.6 and enhanced for T < 0.6. Note that in the most experiments, the conductance step had been observed not by changing reservoir Fermi energy but by changing the gate voltage which is equivalent to change potential height U 1 . We demonstrate this situation in the next section. Noting that the characteristic fluctuation frequency 2π/ω p is much longer than τ tr , the electron transit time, when I 0 approaches 1, the transmitted electron "sees" an effectively frozen potential. This situation can be properly argued in the context of adiabatic transport theory. [29] For making the argument simple, the fluctuating field is reflected in the time dependent single particle potential U(x, t) ≡ U 1 (x) + a Ω cos Ωt and using the instantaneous transmission coefficient T t , the biased current is
with τ = 2π/Ω where we have neglected higher correction of the adiabatic approximation. [29] Assuming that the fluctuation amplitude a Ω is smaller than E F and independent of U 1 or E F , Taylor expansion of T t with a Ω provides for low temperatures
).
The second derivative
is negative for the region T > 0.5 and positive T < 0.5 which was the tendency found in the numerical calculation with the paramagnon model, which induces plateau like feature at T = 0.5. The analysis in this section had been extended to the current-current correlation in Ref. [30] , where we found the shot-noise was suppressed when T ∼ 0.5. Unfortunately, this phenomenological analysis cannot account the full feature of the 0.7 anomaly, namely, a plateau like feature occurs where T ∼ 0.7 not T ∼ 0.5. The effect of semiclassical slowing [22] may help to shift the anomaly, which was not accounted in the analysis of this section since we have used W σ (x, x ′ , ω) obtained for T ∼ 1, but may be treated by assuming that the oscillating amplitude a Ω depends on energy as done in [22] . In the next section, we present another origin (the quantum correction) to shift the anomaly to higher position.
Linear response with perturbation theory
Here, we discuss the conductivity of the QPC by using the linear response theory. For a non-interacting Hamiltonian, the conductance is provided by Landauer's formula. Then, we deal with the effect of the short-range Coulomb interaction localized near a QPC with a perturbation theory up to the second order.
Conductivity and conductance
With an electric field E(x) = −∂φ(x)/∂x and the current density operator j(x), Eq. (50), the expectation of the current density is
where the current-current response function is
with its Fourier transform
Then the current is derived by
with the non-local conductivity defined as
In the limit of zero frequency, the static conductivity consists only of a dissipative part and is obtained by σ(x, y) = lim ω→0 ℜσ(x, y, ω). From the argument based on the Lehmann expression and using a continuity equation, we can show that the static conductivity is a constant,
The steady current is uniform,
and the scalar potential in the non-interacting reservoir is equal to the external potential, φ(y = ∞) = µ R /e and φ(y = −∞) = µ L /e, therefore the conductance is g = j/(
Perturbation theory on K
The current-current response function is obtained from the thermal Green's function by analytic continuation, iν l →hω + iη,
where ν l = 2πl/β since j(x) is a boson-type operator and j(x, u) = e uH j(x)e −uH with H ≡ H − µN. The inverse transformation is
The explicit expression of K is
A two-particle thermal Green's function is obtained with perturbation expansion:
The statistical average is defined by O 0 ≡ Tre −βH 0 O/Tre −βH 0 and the symbol 'L' represents that only linked-diagram is considered. In the following, the timedevelopment of operators is governed by interaction representation: Ψ σ (x, u) = e uH 0 Ψ σ (x)e −uH 0 with H 0 ≡ H 0 − µN. Since j 0 = 0, the zero-th order maintains a relevant contraction of Eq. (85),
Since we know that the static conductance is real, we only need the imaginary part ℑG
It is straightforward to obtain the following,
where f (ǫ) = 1/(e βǫ + 1). Now the conductance is
where we take x → ∞, y → −∞ in the last equation since the conductivity is homogeneous and use the asymptotic form of the Green's functions, Eq. (14,15). The conductance is finally,
which is a Landauer's formula for single channel. The first order correction, which is only from the self-energy of the single particle Green's function (Hartree term), which is absorbed in U 1 (x) as discussed in Sec. 3.
Second order corrections
The second order diagrams for short-range interaction consist of three vertex diagrams (D i , i = 1, 2, 3) and two self-energy diagrams, C 1 , C 2 . The formula for conductance correction with the vertex diagrams in Fig.3 is where
where b(ǫ) = 1/(e βǫ − 1). The second order self-energy diagrams are for electron and hole channels (Fig. 4) . We have the formula of conductance correction
) is the term containing the real (imaginary) part of the self-energy Σ R 2σ . The imaginary part of the self-energy is
Summing all these terms, the second order correction of the conductance is
The last two terms T 
Adding these terms, we have
For k B T ≪ µ, we can approximate
hence these terms vanish as ζ → 0 at T = 0:
The rapid decrease in the imaginary part of the self-energy near the Fermi energy is the key idea as regards the validity of the Landau Fermi liquid theory. It is interesting that the terms T βα in Eq.(69), respectively. We collect energy/temperature dependent terms as
We can express the conductance correction as follows:
, which consists of the real part of the self-energy, remains nonzero. First, we study the quantum correction of the conductance. If the static potential is absent (U 1 = 0 and t µ+ǫ = 1), noting ℑ(g σ (µ + ζ, z, z
(ζ) vanishes after z, z ′ integration, Eq.(96). Therefore, there is no quantum correction (conductance correction by the interaction at zero temperature) when U 1 = 0. [15, 16, 17, 18] . We have determined that the quantum part of the conductance correction is related to
The real part of the self-energy (T = 0) is evaluated from that of imaginary part with the relation,
It can be shown that the function ℜΣ R 2σ (z, z ′ , 0)| T =0 has a logarithmic peak at z = z ′ and we switch the variables as z − z ′ ≡ ζ and (z + z ′ )/2 ≡ Z. Then Eq. (104) reduces to
and S σ (Z) has a sharp negative peak at Z = 0. We note that
where we used the argument of the scattering matrices of Gasparian et.al. [31] Eq.(37) and its Appendix. The function η(
is called a sensitivity, which characterizes the dependence of the transmission probability on the local potential. The sensitivity was estimated for a short range potential U 1 (x) = V δ(x) in Ref. [31] , and is a strongly oscillating function. The sensitivity of a long range potential was evaluated using the exact scattering functions in Appendix B, and we found that η(Z = 0) is peaked when − dT dU 1 is maximum. Therefore, we found that the quantum correction is positive and peaked at T ∼ 0.5,
where the integral − dZS σ (Z) is found to be a positive constant. We numerically evaluate this correction using the model in Appendix B which is shown in Fig. 5 as a function of the static potential height u 0 for the long-range potential ℓ = 2 along with the transmission probability T . Then we study the thermal correction of the conductance. For ζ = 0 in Eq.(100), by putting βǫ ≡ x, and βǫ ′ ≡ y,
We approximate using both cases, Eqs.(102),(111), as Figure 5 . U 1 dependence of the quantum correction for long-range potential, ℓ = 2.
(Solid line, the data is multiplied by 10 for the presentation) The dashed line is the transmission probability T .
The rest of the thermal contribution comes from
where the coefficients are
Executing ζ integral, we have the thermal correction, which is quadratic in temperature, as
and the gate voltage dependence of the thermal correction of the conductance is controlled by
When U 1 = 0 with noting that τ (0,1,2)σ = 0, 
where u k is the Fourier transform of u(x). This coincides with that of Ref. [23] in the limit of short range interaction and E F ≡ k B T F . This correction is exponentially small for Lk F > 1, g quantum ∝ −(u g L) 2 e −(2Lk F ) 2 assuming the interaction is localized to QPC like u(x) ∼ u g e −x 2 /(2L 2 ) . We numerically evaluate the factor F σ0 using the model in Appendix B which is shown in Fig. 6 as a function of the static potential height u 0 for the long-range potential ℓ = 2 along with the transmission probability T . The function F σ0 (u 0 ) is roughly proportional to d 2 T /du 2 0 , which was already found in the phenomenological analysis in Sec.5.
Combining the results numerically obtained so far, we plot the temperature dependence of the conductance in Fig. 7 for long-range potential ℓ = 2 and v = 10.0/(πa B k F ) = 2.0, corresponding to a B k F ∼ 1.7. We neglected the effects of τ 0,1,2σ for simplicity, which is less dominant for lower temperatures. It is clear that the conductance anomaly located at T ∼ 0.7 develops with the temperature. Further detail analysis on the dependence of the anomaly size, position on the shape of the potential, ℓ, and the interaction strength v would be useful for the comparison with the systematic experimental study. The perturbation analysis of this section can be extended to the situation with an in-plane Zeeman field.
Conclusions
We constructed a scattering formalism of the electrons passing through a quantum point contact as a result of Coulomb interaction. There are pronounced fluctuations ("paramagnons") owing to the exchange interaction in the region of the constriction where the density is low and the short-range interaction is enhanced. From a timedependent scattering formalism, the spin related backscattering of the electrons by the paramagnons can be the source of an additional quasi-plateau. The position of the anomaly and its shape are explained by the energy dependence of the transmission coefficient through the static barrier. Finally, we studied the conductance by employing a quantum linear response theory. We consider the Coulomb interaction perturbatively up to the second order. The thermal correction of the conductance increases with the square of the temperature, and the energy dependence is consistent with that obtained from the paramagnon model. The quantum correction provides a temperature independent positive contribution that could be the reason for the quasi-plateau appearing above the 0.5 conductance quanta. This mechanism would explain the unusual temperature dependence of the 0.7 anomaly. where I 0 = ρI, q 0 = ω/v F and the imaginary part is presented in the text.
Appendix B. Numerical study
Here, we study conductance corrections derived in the text by numerical methods using the eigenfunctions of a model potential. We use a model static potential U 1 (x) = U 1 / cosh( with the same smoothness as U 1 (x), and we introduced dimensionless parameter v ≡ u(x = 0)/(λ F E F ). By using the argument in sec.2, v ∼ 10.0h 2 /(ma B λ F )/E F = 10.0/(πa B k F ).
